Abstract --In this paper, a new sensorless Interior Permanent Magnet Synchronous Motor (IPMSM) drives method with Extended Kalman Filter (EKF) for speed, rotor position and load torque estimation is proposed. The Direct Torque Control (DTC) technique for PMSM is receiving increasing attention due to the important advantages of the low dependence on motor parameters when compared with other motor control techniques. The Kalman filter is an observer for linear and non-linear systems and is based on the stochastic intromission, in others words, noise. The PMSM is fed by an indirect power electronic converter which is controlled by a sliding mode technique. The simulation tests that were performed for different operating conditions have confirmed the robustness of the overall system; and it is shown that the sliding mode technique has successfully minimized the different harmonics introduced by the line converter.
I. INTRODUCTION
Permanent magnet synchronous motors (PMSMS) are widely used in many applications as high-performance variable-speed drives. Especially, an interior permanent magnet synchronous motor (IPMSM) can offer a highefficiency drive by utilizing the reluctance torque and a constant-power operation by the flux-weakening technique. In order to control a stator current vector suitably and then achieve a high-performance drive, the information of rotor position and speed are necessary. In most variable-speed drives, some type of shaft sensor such as an optical encoder or resolver is connected to the rotor shaft. However, such sensor presents several disadvantages such as drive cost, machine size, reliability and noise immunity. Therefore, the sensorless control of PMSM is desired and various sensorless control strategies have been investigated [1] [2] [3] . The idea of combining the advantages of DTC and PMSM into a highly dynamic drive appeared in the literature in the late 1990's. In the past decade several authors have proposed ways to adapt DTC to work with PMSM [4] . Moreover DTC uses no current controller and no motor parameters other than the stator resistance, which yields a faster torque response and lower parameter dependence than with field oriented control [4] . Recently, motor drive systems without electromechanical sensors, so called 'sensorless drives', have gained increasing popularity in industrial applications because of inherent drawbacks of electromechanical sensors. In general, electromechanical sensors are used to obtain speed or position information of motors. A drawback of these sensors is performance degradation due to vibration or humidity [4] [5].
The Kalman filter is an observer which provides optimal filtering with continuous Gaussian noises in the state and the measurement and known covariances of these noises [6] [7] . If the rotor speed and position (as extended states) are included in the dynamic model of PMSM, the extended Kalman filter EKF can be used to relinearize the non-linear state model for each new state estimate as it becomes available. Consequently, the EKF is considered to be the best solution to estimate the speed and position. A three-phase converter is used in this work. The power converter can only flow from AC to DC, and the line current is not continuous. Because this type of AC-DC conversion does not control line current harmonics, the displacement power factor is poor and the DC side voltage is not constant [7] [8] . One remedy is a reversible converter to replace the diode-bridge rectifier and to allow a reversible power line flow which allows the energy recovered from motor-load inertia to be fed back to the utility supply [8] [9] . The DC-link voltage can be regulated by the sliding mode controller.
II. PMSM MODEL
The electrical and mechanical equations of the PMSM in the rotor reference (d-q ) frame are as follows [10] [11] [12] :
The electromagnetic torque Te is given by:
And the equation for the motor dynamic, on the other hand is 
III. III. MODELING AND CONTROL OF THE BOOST RECTIFIER
The proposed system configuration is shown in figure 2 .
A. a. Modeling Of The Boost Rectifier
This circuit will be analyzed under the following assumptions [13, 14] 
where Vm and ω are respectively the amplitude of the phase voltage and angular frequency of the power source.
Referring to figure 1: By using Kirchhoff's voltage law on the AC side it yields: 
Considering the switching functions , we have:
Using the Kirchhoff's current law on the DC side and because of the relations described in (7) we have: Figure. 2. Rectifier configuration.
The following state-space model of the rectifier, in the three phases reference frame, can be obtained by: 
According to the system of equations (8) we can say that the main problem in the design of a control law of the boost rectifier is the occurrence of the control input function in both AC current order to ensure operation with a power factor "unit" [13, 16] , and input currents are measured. Values of currents, instantaneous and of reference are compared, and error signals are generated in order to produce switch impulses.
To control of the output DC voltage of the rectifier, one uses a SMC [13, 16] 
The voltage vectors obtained this way are shown in Figure 5 . 
The angle θs is equal to:
The torque can then be estimated with: 
The voltage vector plane is divided into six sectors so that each voltage vector divides each region into two equal parts.
In each sector, four of the six non-zero voltage vectors may be used. Also zero sectors are allowed. All the possibilities can be tabulated into a switching table (Table I ). The output of the torque hysteresis comparator is denoted as τ , the output of the flux hysteresis comparator as Φ and the flux linkage sector is denoted as θ.
IV. DESIGN OF EKF OBSERVER
Accurate and robust estimation of motor variables which are not measured is crucial for high performance sensorless drives. A multitude of observers have been proposed, but only a few are able to sustain persistent and accurate wide speed range sensorless operation. At very low speed, theirs performances are poor. One of the reasons is the high sensitivity of the observers to unmodeled nonlinearities, disturbance and model parameters detuning.
The Kalman filter provides a solution that directly cares for the effects of disturbance noises including system and measurement noises. The errors in parameters will also normally be handled as noise [19] [20] .
The dynamic state model for non non-linear stochastic machine is as follows where all symbols in the formulations denote matrices or vectors [21, 22] :
f (x(t), u(t), t) w(t) y(t) h(x(t), t) v(t)
: System noise vector.
v(t)
: Measurement noise vector w, v : are unrelated and zero mean stochastic processes. (Jacobean matrix).
The second step (innovation) corrects the predicted state estimate and its covariance matrix trough a feedback correction scheme that makes use of the actual measured quantities; this is realized by the following recursive relations:
Where the filter gain matrix is defined by:
H is transformation matrix.
The proposed EKF observer is designed in rotor reference frame ( d,q frame) given by figure 6.
The state vector is chosen to be:
Output: The critical step in the EKF is the search for the best covariance matrices Q and R have to be set-up based on the stochastic properties of the corresponding noise. The noise covariance R accounts for the measurement noise introduced by the current sensors and quantization errors of the A/D converters [19, 23] . Increasing R indicates stronger disturbance of the current. The noise is weighted less by the filter, causing also a slower transient performance of system. The noise covariance Q reflects the system model inaccuracy, the errors of the parameters and the noise introduced by the voltage estimation [19, 23] . Q has to be increased at stronger noise driving the system, entailing a more heavily weighting of the measured current and a faster transient performance.
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An initial matrix 0 P represents the matrix of the covariance in knowledge of the initial condition. Varying 0 P affects neither the transient performance nor the steady state condition of the system. In this study, the value of these elements is tuned "manually", by running several simulations. This is may be one of the major drawbacks of the Kalman filter.
The blocks DTC (Direct Torque Control), SMC (slidingmode control) are regulators, the first controller for speed, and the second is the sliding mode control regulator for rectifier. Figure 7 shows the proposed Sensorless Direct torque control using EKF. In this study, the outputs of a PWM voltage source inverter are used as the control inputs for the EKF. These signals contain components at high frequencies, which are used as the required noise by the Kalman filter. Thus, no additional external signals are then needed. Figure. 7. System of a typical DTC PMSM drive with an EKF .
V. SIMULATION RESULTS

A. a. Simulation Results of SMC Rectifier
The simulation conditions are given in the appendix.
In order to demonstrate the feasibility of the proposed control method, the system shown in Figure 1 has been simulated. Figure 8 shows that the output voltage of the rectifier is well controlled to 540 v. Therefore, the output DC voltage response is completely robust with the unity power factor at the AC side of the boost rectifier. Simulation results obtained were in good performance as it is expected. The strategy control was very robust to uncertain parameters and gave a very high power factor and small ripple in the current line supply.
B. b. Simulation results of sensorless direct torque control for PMSM
Extensive simulations have been performed using Matlab/ Simulink Software to examine control algorithm of the DTC applied for PMSM presented in Figure 7 .
When there are some initial position errors (π/3), the rotor speed and position estimation errors are shown in figure 9 and figure 10. It can be seen that the initial position error causes some errors in the speed and position estimation at the beginning, but the extended Kalman filter can track the real values very quickly.
When the motor starts up at 0 s, and there is some load torque impact at 1 s, the observed and real load torque is shown in figure 11 . It can be seen that the observed load torque can track the real torque very well. These responses illustrate high performance of the proposed EKF observer during transients and steady state.
In order to check the usability, electromagnetic torque is change at 0.2 s as step signal when sensorless drive is being performed. Figure 12 shows the result. From Figure12, The torque follows perfectly the value of record with negligible effect on the speed that is rapidly restored to its reference. Figure 13 , presents the estimated flux, we also note that the flow is not affected by the variation of the load. The flux reaches its reference control with no overshoot. The estimation algorithm is robust because the variation of the elctromagnic is important and the estimated elctromagnic follows the real speed when the motor starts and at the moment of elctromagnic inversion. Figure 14 . Presents trajectory of the estimated stator flux components, the stator flux trajectory is almost circular. Figure  15 . Shows the evolution of flux Alpha, flux Betha. 
VI. CONCLUSION
In this paper, the EKF approach is proposed to estimate the exact rotor speed, position and load torque for PMSM sensorless direct torque control (DTC). The observed load torque was used as the feed-forward compensation of the reference torque.
For the rectifier, the obtained simulation results show the efficiency and the precision of the sliding mode control.
For the EKF, the simulation results of the speed, position and load torque estimation are very satisfactory of view point estimation error, strength and stability of global training system in any operating condition. 
